This paper presents interference suppression using a subband adaptive array (SBAA) for uplink space-time block coding (STBC) code division multiple access (CDMA) under a frequency selective fading (FSF) channel. The proposed scheme utilizes CDMA with STBC and a receive array antenna with SBAA processing at the receiver. The received signal is converted into the frequency domain before despreading and adaptive processing is performed for each subband. A novel SBAA construction is introduced to process CDMA signals based on STBC. To improve the performance of the proposed scheme, we evaluate STBC-SBAA using spreading codes cyclic prefix (CP). Simulation results demonstrate an improved performance of the proposed system for single and multiuser environments compared to competing related techniques. 
Introduction
There is an ever-increasing need for next generation wireless systems to provide higher data transmission rates to meet the emerging demand for new multimedia applications. This presents a major challenge for wireless technology, namely to increase system capacity and quality within the limited available frequency spectrum. It is well known that code division multiple-access (CDMA) is a promising means to meet the high data rate demands of next generation wireless systems [1] - [3] .
In radio communication systems, the quality of highspeed data transmission is severely degraded by multipath fading resulting from multiple propagation paths with different time delays. To achieve high-speed data transmission, high-quality communication or high-capacity communication, countermeasures should be employed to combat these impairments. Many studies have been made on the use of multiple antennas (multiple input multiple output (MIMO)) to counter multipath fading and provide spatial diversity. Of these methods, space time spreading (STS) [4] and space time block coding (STBC) [5] are the most efficient due to their provision of full spatial diversity and a simple linear decoder. For multiuser communication systems, STBC can be used in conjunction with receive adaptive beamforming to suppress co-channel interference (CCI) [6] . Furthermore, it has been proposed that STBC can be used with direct sequence (DS) CDMA to counter the impairment of multiuser channels [7] , [8] .
However, in the frequency selective fading (FSF) channel, transmission using STBC suffers from inter-symbol interference (ISI) and increased multiple access interference (MAI), which dramatically deteriorates the performance. A MIMO-CDMA system which utilizes a transmit array antenna at the transmitter and a receive array antenna with tap delay line (TDL) filters at both side [9] shows significant performance and capacity improvement in FSF environments. However, when the delay spread is longer and the number of users increases, both the transmitter and receiver TDL memories will be longer and the complexity increased exponentially. The subband adaptive array (SBAA) [3] , [10] , which can reduce the computational complexity through block processing, is a solution to the limitations of the TDL adaptive array (TDLAA), even though its performance is slightly degraded, especially in the long delay spread FSF channel in comparison. Recently, SBAA for STBC (STBC-SBAA) [11] has been proposed, which can reduce the computational complexity through block processing and exploiting the multipath gain through STBC, thus improving the performance of the system with the help of cyclic prefix (CP) in the single user FSF environment. On the other hand, single-carrier block transmission (SCBT) DS-CDMA, recently proposed as chip-interleaved block spread (CIBS) in [12] can effectively deals with FSF channel through zero-padding (ZP) of the chip blocks. Moreover, SCBT DS-CDMA preserves the orthogonality between users regardless of the underlying multipath channel, which enables deterministic maximum likelihood (ML) user separation through low complexity code-matched filtering. However, this method only considers the single input single output (SISO), and no results for MIMO environment have been produced. In Ref. [13] , a combination of time reversal STBC (TR-STBC) and SCBT for downlink FSF channels was proposed. However, it was assumed that the channel state information (CSI) was known for the equalization process at the receiver. In [19] , a receiver with multistage interference cancellation and equalization method using the parallel interference cancellation (PIC) and successive interference cancellation (SIC) after the STBC decoding for MIMO-CDMA has been proposed. Remarkably, the computational complexity of the method in [19] increases with increasing the number of users. In [20] , a non-CDMA frequency domain equalization and interference cancellation for multiuser STBC has been proposed. Here, the number of users and receive antennas have to be equal in order to separate the user's signal. This would lower the degree of flexibility of the system.
In this paper, we propose a novel MIMO-CDMA system using SBAA, designed for STBC transmission under FSF channel, assuming channel state information (CSI) at the transceivers is unknown, while a pilot signal is available during the training period. The proposed scheme utilizes STBC for the transmit diversity and a receive antenna with an SBAA. At the receiver, a novel SBAA construction to process CDMA signals based on STBC is introduced. The receive block signal is divided into two groups and adaptive processing is performed at the chip-level to equalize and estimate the desired signal. Here, the equalization of received signal and MAI suppression is done simultaneously, which lowers the complexity of the receiver's configuration. In addition, to improve the performance of STBC-SBAA, we apply the spreading code CP [10] . Simulation results demonstrate that the performance of the proposed transceiver is outstanding compared to competing alternatives.
The rest of the paper is organized as follows: In Sect. 2, the proposed system of STBC-SBAA for MIMO-CDMA is introduced. The simulation and results are presented in Sect. 3. Finally, Sect. 4 summarizes the paper. Fig. 1 . The SBAA was first introduced by Compton [14] and has been studied further in [11] , [15] , [16] . In this paper, we restricted our system to Alamouti's STBC [5] with M = 2. An extension to more general types of STBC, namely with M > 2 is quite straight forward.
STBC-SBAA
In this paper, we assume an FSF channel with a total of multipath L with time spacing of chip duration T c , as given by the next equation.
where, δ is the Dirac delta function and h l ji,p is the channel coefficient with l-th delay between i-th (i = 1, 2) transmit and j-th ( j = 1, . . . , N) receive antenna elements for p-th user. In contrast to conventional STBC [5] , in the proposed method STBC-SBAA transmission is carried out in block sequence as the method to decrease the effect of ISI, as shown in Fig. 2 . In FSF channel, the sequentially transmitted symbols interfere with each other at the receiver, and therefore we need to consider a sequence, or block of symbols instead of single symbol at one time. This operation is to keep the full spatial diversity in STBC.
Consider the uplink multiuser communication system where P mobile users exist. The signal of each user is given by b p [t] , where p = {1, 2, . . . , P}. Suppose that each user employs M-sequences (maximal length code) c p [t], which is generated by different polynomials but their period are identical. Each user's signal is spread by spreading code of the factor Q to create a spreading signal,
The spread signal of each user s p [t] is then divided into chip blocks of length Q. The k-th (k ∈ Z) chip-block with each element is represented as
where q ∈ {0, 1, . . . , Q − 1}. The k-th chip blocks s are transmitted from antenna 1 and 2, respectively. Note that the superscript * denotes complex conjugate, ands
, respectively. The operation of time-reversion is for handling the frequency domain processing in the receiver [17] . The transmit signal s
at antenna i ∈ {1, 2} of p-th user can be shown as below.
Then, CP is applied, i.e., the last L CP chip of each block is copied and pasted at the top of each block as a guard interval (GI), making the total length of Q + L CP as shown in Fig. 2 . This operation minimizes the effect of ISI and produces multipath gain [10] , [11] . The block configuration at antennas 1 and 2 after the addition of CP can be shown below for v ∈ {2k − 1, 2k}.
After passing through the FSF channel, assuming that CP is chosen to satisfy Q + L CP ≥ L − 1, and after discarding the CP, the receive signals at antenna j for block v ∈ {2k − 1, 2k} is given as follows:
where n
is the additive white Gaussian noise (AWGN) at j-th antenna, which is assumed to be independent and identically distributed (i.i.d.) with mean 0 and variance σ 2 n at each real dimension. Note that when the delay spread length is larger than the block length (Q + L CP ), the receive block signal is shifted to the previous block, i.e. for l > q, s
Here, the transmission power from each antenna is half the value in the single-transmit antenna case, so that the total transmit power is kept constant irrespective of the number of transmit antennas.
At the receiver, as shown in Fig. 1 , the chip synchronization is done before the part of Remove GI, then the first L CP symbols corresponding to the GI are removed from each block. Then, r 
MMSE Detection
We now present the theoretical model of minimum mean square error (MMSE) multiuser detector for STBC-SBAA. We describe the configuration by rewriting (9) in the vector form as follows:
where,
and,
Note that the superscript (·) T and (·) H denotes the transpose and Hermitian transpose operation, respectively. We redefine the FSF channel of (2), as follows
In this paper, subband adaptive processing with the most popular linear multiuser method, namely, MMSE is used to detect transmitted signals from the P users. To perform adaptive signal processing in subbands, the receive signalȓ (k) [q] is decomposed into subbands using an analysis filter. The analysis filter employed in the proposed configuration utilizes critical sampling, i.e. the received signal at each array element is decimated with maximum rate Q. This operation will result in block processing mode and thus helps to save a great amount of computational load compare with sliding window processing [11] , [14] , [15] . As shown in Fig. 1 , in order to work with STBC, the subband processing is performed by referencing two consecutive blocks as input. Therefore there are two groups of optimal weight vector exist to maximize the output power of detected signal. This is different from a conventional SBAA which references one input block signal, thus producing only one optimal weight vector.
Let us define the Fast Fourier Transform (FFT) operation by F u,q = e − j 2π Q uq . After taking FFT, we obtain the frequency samples at the u-th subband as follows:
where u = {0, 1, . . . , K − 1}, and K is the total number of subbands. Since critical sampling is used in STBC-SBAA, we assume that K = Q. In order to generate the receive antenna weights, one may use either a blind (reference signal is created from the received signal) or pilot training (reference signal is created from a known training sequence). In this paper, for simplicity we utilize the pilot training method. Assume that the p-th user is taken to be the desired user while the remaining P users are uninterested (undesired) users. Define the pilot signal of p-th user as d p [t] , and after being spread and encoded by STBC, the pilot signal for odd and even blocks are given as d
. These pilot signals are also converted into subband signals in the same manner to becomed
p,u . By using MMSE criterion, the 2K × 1 optimal weight vectors for estimatingŝ
are derived as follows.
Note (22) gives us the optimal weight vector in u-th subband as follows:
is the covariance matrix and
are the correlation vectors of receive signal and reference signal in the u-th subband. In other words, STBC-SBAA multiuser detection can be implemented as a set of "single user" interference suppression filters. From (23) and (24), the optimal weight vector of odd and even blocks are calculated using the same correlation matrix for maximizing the power of desired signal at each block. The subband signals after weighted by the optimal weight synthesized through the inverse FFT (IFFT) can be expressed as below. 
Simulation and Results

Simulation Conditions
The simulation conditions are shown in Table 1 . In this paper, we consider the case of BPSK (Binary Phase Shift Keying) modulation transmission with each user utilizing M = 2 transmit antennas and the BS utilizing N = 2 receive antennas. Each block contains Q = 31 chips and we have chosen the Gold spreading codes of length=31 chips as the spreading sequence. In subband processing, K = 31 subbands is assumed. In the following simulations, we always assume perfect synchronization and transmission power control in the system. Here a perfect power control assumption means that the signals from all users in the same cell site arrive at the BS with the same average power.
To examine the efficiency of proposed method in a real radio environment, we applied the FSF channel with a discrete exponential power delay profile with normalized delay spread σ of T c -5T c . The power delay profile is given as below:
Here, the actual delay length of the delay profile is infinite, but L paths of them are used to make clear the influence of duration, as shown in Table 2 . The received signal is corrupted by a complex AWGN process. We also assume that the pilot signal is available in the receiver and sample matrix inversion (SMI) is used as the adaptive algorithm. A detailed investigation into convergence behavior of SMI may reduce the length of the pilot signal. However, in this paper since we are interested in system performance rather than the behavior of the employed adaptive algorithm, detailed discussion on the method to reduce the length of pilot signal is omitted. To evaluate the efficiency of the proposed system, we compare the STBC-SBAA with STBC tapped delay line adaptive array (STBC-TDLAA) and STBC-Adaptive Beamforming (STBC-ABF) [7] for a MIMO-CDMA system. For a fair comparison, the tap number of STBC-TDLAA is put at L r = 31. We plot the result of the output signal to interference plus noise ratio (SINR) [3] , [11] versus the average SNR, measured in decibels ([dB]). Output SINR is used in this paper to represent the interference cancellation capability given by updated weight of the proposed scheme. Define, the cross-correlation coefficient is given as follows:
(32)
are the received signal and the reference signal, respectively. The output SINR [3] is expressed using ρ p by the equation: 
Results
First, in order to examine the interference cancellation capability of the proposed scheme, we considered the cumulative distribution function (CDF) of the SINR. Here, we set the input SNR=10 [dB] and 8000 blocks are generated for a 100 times trial of changing the propagation conditions. We consider an environments occupied by a single user (ISI only) and five users (ISI+MAI) for the cases of σ = T c and σ = 5T c . Here, we plot the SINR value for dedicated channel propagation. Figure 3(a) and Fig. 3(b) shows the CDF of cases σ = T c and σ = 5T c , respectively. From Fig. 3(a) , at σ = T c the proposed scheme shows a better cancellation capability compared to STBC-ABF when a single user exist. We can see that the SINR distribution of STBC-SBAA with L CP = 10T c is almost equivalent to that of STBC-TDLAA in the case of single user. However, STBC-SBAA has a lower complexity compared to STBC-TDLAA as pre- Furthermore, in Fig. 3(b) when the delay spread becomes large (σ = 5T c ), it is observed that the proposed scheme exhibits a better interference cancellation capability for both a single user and five users. It is observed that at the median CDF, for the case of single user, STBC-SBAA has a gain of 6 [dB] compared to STBC-ABF, and a gain of 9 [dB] when CP is applied. Moreover, for the case of five users, STBC-SBAA has a gain of 4.5 [dB] compared to STBC-ABF, and a gain of 6.5 [dB] when CP is applied. This is due to multipath diversity gain. Therefore, the cancellation capability of STBC-SBAA is clearly seen in the propagation channel with a longer delay spread. Furthermore, from both figures, it is also observed that STBC-SBAA adopting CP of L CP = 10T c achieved a higher SINR, thanks to the help of CP which absorbs the multipath delay signal arriving within the GI. It is clear that when the users have the same number of subbands and taps, the performance of the proposed method is almost equivalent to STBC-TDLAA. From both figures, it is seen that STBC-SBAA has a higher diversity order compared to STBC-ABF, and almost the same diversity order with STBC-TDLAA, especially in the FSF channel with longer delay spread (5T c ). This clearly shows that the efficiency of the proposed scheme is achieved by joint working of STBC and SBAA. It seems that the effect of STBC itself is small in long delay spread environments, and the SBAA works to equalize and suppress the ISI and MAI. However, the adoption of STBC is inevitable for realizing transmission diversity without CSI at the transmitter side. Thus the cooperative work of STBC and SBAA will enhance the performance of MIMO-CDMA. The use of STBC with SBAA becomes necessary in order to maximize the multipath diversity. We conclude that STBC-SBAA simultaneously eliminates ISI and MAI, thus maintain a higher SINR.
The efficiency of the STBC-SBAA is clearly observed when we simulate the proposed scheme for the case of single and five active users in the FSF channel with σ = T c and σ = 5T c . The input SNR is changing at 0-12 [dB] . The output SINR is taken after considering the propagation channel 100 times for each input SNR. This value is equal to the average SINR output for the whole channel. The results are depicted in Fig. 4 . From this figure, in the case of single user, STBC-SBAA shows a significant performance compared to STBC-ABF, especially when σ becomes large. When the system has occupied with five users, the performance of STBC-SBAA and STBC-ABF are degraded and saturated compare to the case of single active user as the SNR increased. This scenario is due to the increase of MAI in the receiver, which corrupts the desired signal. However STBC-SBAA (with and without CP) shows only a small degradation. We also observe that for both single and multiuser, the performance of STBC-SBAA is almost equivalent to STBC-TDLAA at both σ = T c and σ = 5T c . From this figure, it is clear that the STBC-SBAA interference cancellation technique can separate the interferers with less performance degradation. Moreover, as shown in Fig. 4(a) , the use of a long CP in the FSF channel with a smaller delay spread does not bring additional benefits to STBC-SBAA since almost the entire delayed multipath signal arrived within the GI to be accumulated into the preceding wave only. In a smaller delay spread FSF environment, by putting L CP = 10T c , STBC-SBAA has to sacrifice the transmission rate without the significant improvement in the SINR. On the other hand, the use of CP in the FSF channel with a bigger delay spread would bring additional improvement to STBC-SBAA since the CP which can absorb the multipath delay signal, arrived within the GI. Therefore, the use of CP would be chosen properly regarding the propagation channel. Here, we suggest that L CP = 0 should be chosen for the transmission of STBC-SBAA in the FSF channel with a small delay spread, thus enhancing the transmission rate.
Next, we compare the performance of the proposed scheme for FSF with different delay spreads. Here, we consider two cases of σ = T c and 5T c for five users. As depicted in Figs. 4(a) and 4(b) , for both σ = T c and σ = 5T c , STBC-SBAA shows an improvement in SINR compared to STBC-ABF. However, the improvement level is smaller as SNR increased. We can see that the SINR is saturated as SNR become higher. However, at both σ = T c and σ = 5T c , STBC-SBAA can still achieve a better performance compare to STBC-ABF. It is also clearly observed that the SINR of STBC-SBAA improved very much in multipath rich FSF channels, thus the effectiveness of the proposed scheme is verified. For a single user, it is noticed that when the CP is employed and working well in single input multiple output (SIMO), the output SINR is maximized to the upper bound of theoretical limit [3] as follows:
SINR [dB] = 10 log 10 (N) + 10 log 10 (K) + SNR. (34) Focusing on the MAI cancellation capability, we simulate the proposed system for three types of input SNR={−10, 0, 10[dB]} for different delay spreads which varies from σ = T c to σ = 5T c . The number of user is set to five users. The result is depicted in Fig. 5 which shows that the performance of STBC-SBAA and STBC-ABF degrade when σ increases, due to the existence of ISI and MAI. However, STBC-SBAA shows a better performance compared to STBC-ABF for the entire input SNR. A close observation of Fig. 5 shows that STBC-SBAA improves very much at the higher SNR, since the average power of combined multipath signal is bigger than MAI, therefore the ability of STBC-SBAA to mitigate MAI is higher. Figure 6 presents the SINR of STBC-SBAA versus the number of active users in the system with SNR=10 [dB] . It is shown that the SINR decreases as the number of users increases, especially when the number of users is greater than 9. By taking the minimum SINR as 7 [dB], it is shown that the number of active users can occupy in the system is 8 users. This represents only 26% of the total user capacity of 31 users, and exceeds the number of users accommodated by the matched filter receiver [18] , which is limited to about 10% only. The maximum number of users can be increased by using advanced forward error correction or power control.
Effect of Antenna Diversity Combining
The simulated SINR performance using STBC-SBAA and antenna (receive) diversity is plotted in Fig. 7 with the number of receive antenna, N. The number of users is set to five users and for the case of σ = T c and σ = 5T c . From the figure, the SINR of STBC-SBAA for σ = T c and σ = 5T c increased close to the upper bound value given in (34) when N is increased. Note that, in the previous simulation, by setting N = 2 which produce the degree of freedom (DOF) = N − 1 = 1 to cancel the interference. It is clearly observed that the more receive antennas are used, the larger the spatial diversity gain achieved and thus a better output SINR is obtained. Moreover, the use of more receive antennas also increases the ability of receiver to cancel the interference since its DOF increases.
Effect of L CP in STBC-SBAA MIMO-CDMA
A judicious selection of the CP length is needed to achieve the best performance. In this paper, we use a CP length of L CP chips out of the Q chips, which gives a CP power penalty of Q/(L CP + Q). For example, even if Q = 31, L CP = 10, the degradation in the efficiency is 1.2 [dB] . If a larger gain than the above degradation is obtained, we can say that the proposed scheme is effective. The use of longer CP could mitigate the multipath signal and improve the SINR. But, the use of longer CP will bring a reduction of transmission rate.
Furthermore, in Fig. 3 to Fig. 5 , the effect of CP is small in the case of 2×2 MIMO system due to insufficient of DOF. However, the influence of CP increases when N ≥ 4, as shown in Fig. 7 since the ability of canceling the interference become bigger, especially when σ = 5T c . Therefore, it is confirmed that the joint operation of CP and STBC increases the SINR of a MIMO-CDMA system, especially in the FSF channel.
Complexity of the System
The complexity of STBC-SBAA and STBC-TDLAA in MIMO-CDMA can be compared using the computational complexity. The main difference between STBC-SBAA and STBC-TDLAA is in their processing modes. STBC-TDLAA processes the input signal on a sample-by-sample basis, while STBC-SBAA processes on a block-by-block basis. As a result, STBC-SBAA requires less computational operations than STBC-TDLAA. In our proposed STBC-SBAA, K subbands require 2KN 3 multiplications, as FFT/IFFT is used, requiring 4KN log 2 K further multiplications. On the other hand, STBC-TDLAA with L r -tap requires 2(L r N) 3 multiplications. Taking K = L r , we can see that STBC-TDLAA works on third order O(K 3 ) processing, whereas STBC-SBAA works on first order O(K) processing. For example, when K = L r = 31, STBC-TDLAA needs about 476, 656 multiplications, while STBC-SBAA only needs about 1, 353 multiplications.
Conclusions
In this paper, for high reliability multiuser transmission under FSF, we have proposed a novel MIMO-CDMA system utilizing SBAA in the receiver. A novel construction of SBAA is introduced to process CDMA signals based on STBC before despreading. In addition, spreading code CP is introduced to improve the performance of STBC-SBAA. Through computer simulations, it is verified that STBC-SBAA achieves good SINR compared to STBC-TDLAA and STBC-ABF, with less complexity in both single and multiuser environments. We proved that the proposed scheme can achieve significant performance by exploiting the effects of transmit diversity and SBAA.
In the future, we shall consider STBC-SBAA with multirate multicode MIMO-CDMA systems for high data rate transmission in FSF.
